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Electroluminescence, the emission of light in the presence of an electric current, provides information on
the allowed electronic transitions of a given system. It is commonly used to investigate the physics of
strongly coupled light-matter systems, whose eigenfrequencies are split by the strong coupling with the
photonic field of a cavity. Here we show that, together with the usual electroluminescence, systems in the
ultrastrong light-matter coupling regime emit a uniquely quantum radiation when a flow of current is driven
through them. While standard electroluminescence relies on the population of excited states followed by
spontaneous emission, the process we describe herein extracts bound photons from the dressed ground state
and it has peculiar features that unequivocally distinguish it from usual electroluminescence.
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The proper dimensionless parameter to study perturba-
tively the resonant interaction between light and matter in
cavity quantum electrodynamics (QED) is the ratio
between vacuum Rabi frequencyΩR and the bare frequency
of the excitation ωC [1,2]. When such a quantity, usually
referred to as normalized coupling, η≡ ðΩR=ωCÞ, becomes
non-negligible, higher-order phenomena start to become
observable. This is the so-called ultrastrong coupling
regime that has been experimentally achieved in a number
of solid-state systems [3–16]. The nonperturbative nature of
the light-matter coupling in this regime leads to a range of
very rich (and as yet not fully understood) phenomenology,
including quantum phase transitions [17–19], modification
of energy transport [20,21] and light emission properties
[22–24], and the appearance of cavity-assisted chemical
and thermodynamic effects [25–28]. One of the main
consequences of the ultrastrong coupling regime is to
modify the ground state of the system, such that it becomes
a multimode squeezed state, containing a finite population
of bound excitations that can only be observed if the
system parameters are nonadiabatically modulated in time
[1,29–40]. This quantum vacuum radiation, which has
strong similarities with the dynamical Casimir effect
[41–47], is a hallmark of the quantum nature of the
light-matter interaction, and it can provide insights into
the quantum nature of the ground state [48].
Here we investigate a unique quantum electrodynamical

effect wherein one can observe the photonic excitations
bound in the ground state when an electrical current is
driven through the system. We call this effect ground state
electroluminescence (GSE), in order to distinguish it from
the standard polaritonic electroluminescence observable
when a current passes in a strongly coupled light-matter
system [12,49–59]. We will see that such a GSE is not only
intense enough to be observable in some near-future

solid-state cavity QED experiments, but it also has unique
features that clearly distinguish it from the usual polaritonic
electroluminescence.
Our aim is to present a novel QED effect, a priori

relevant for many of the systems in which the ultrastrong
coupling regime has been observed. For this reason we will
keep the discussion as generic and system independent as
possible, investigating the simplest model presenting GSE
effects. Possible experimental implementations will be
discussed later. We will thus consider a generic model
exhibiting GSE: a two-level electronic system ultrastrongly
coupled to a single mode of a photonic resonator. When a
single electron is present, this is just the Rabi model, one of
the simplest models used to investigate the physics of
strong light-matter coupling. The important element we add
here is that, given that we are interested in electrolumi-
nescence, we will consider the system to be electronically
open; i.e., we will account for the possibility of electrons to
tunnel in and out of the structure. While it is not necessary
for our theory, in order to simplify the already rather heavy
notation, we will neglect the possibility to have a doubly
occupied state. Depending on the specific implementation,
this assumption can be physically justified assuming the
system to be in a Coulomb-blockade regime. Thus, for this
electronic system we consider only a three-dimensional
Hilbert space spanned by the empty state jsi, and the two
singly occupied states jgi and jei, with Hamiltonian

H ¼ ℏωCa†aþ ℏωejeihej − ℏωsjsihsj
þΩRðaþ a†Þðjeihgj þ jgihejÞ; ð1Þ

where a is the annihilation operator of the photonic mode
of energy ℏωC, and ℏωe and ℏωs are the energies of the
g → e and s → g transitions. For definiteness, hereafter we
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will limit ourselves to the resonant case ωe ¼ ωC. As the
Hamiltonian in Eq. (1) conserves the number of electrons, it
can be diagonalized separately in the zero and one electron
sectors. In the first sector the Hamiltonian is diagonal in the
n-photons states js; ni, of energy nℏωC − ℏωs, while in the
second sector we recover exactly the Hamiltonian of a
quantum Rabi model [60]. We will call, respectively, jGi
and j�i its ground state and first polaritonic doublet, with
respective energies ℏωG and ℏωG þ ℏω�. For the sake of
clarity, we will neglect higher-lying states and temperature
effects, as both are inessential to GSE. In order to be able to
investigate electroluminescence, we couple such a system
to two external electronic reservoirs. Fixing the chemical
potential of one of them to −ℏωs, so that it acts only as a
sink for electrons, the voltage across the system is
described by the chemical potential μ of the other reservoir,
leading to the effective electronic injection and extraction
rates Γin=out. We also couple the cavity itself to a reservoir,
describing the extracavity photonic modes in which the
luminescence is emitted, leading to a photonic lifetime Γcav.
A diagram of the relevant levels and transition rates for
vanishing couplings is in Fig. 1(a). A more extended
discussion of the coupling with the reservoirs and of the
relative scattering rates can be found in the Supplemental
Material [61].
Note that we will consider strongly coupled systems,

whose eigenstates are linear superpositions of different
electronic and photonic excitations. Therefore, the bare
electronic and photonic rates (Γin=out;Γcav) will give rise to
transition rates between pairs of dressed states that can be
calculated using the methods that have been developed to
deal with strongly coupled open systems [36,62–65]. The
levels and transition rates for strong couplings are shown in
Fig. 1(b). Limiting ourselves to the low-lying states that we
will consider here, we thus define Γn→j

in and Γj→n
out as the

dressed electronic injection and extraction rates to and from
the states js; ni and jji, j ∈ fG;�g, and Γ�

cav as the dressed
photonic transition rates from j�i to jGi. Notice that in the
zero temperature case we are considering here, electron
tunneling can couple two states only if μ is larger than their
energy mismatch; that is,

Γn→G
in ∝ Θðμþ nℏωC − ℏωGÞ;

Γn→�;
in ∝ Θðμþ nℏωC − ℏωG − ℏω�Þ; ð2Þ

where Θ is the Heaviside function.
In order to introduce our discussion of GSE, we will start

by reviewing standard electroluminescence in polaritonic
systems for η ≪ 1 [58,59]. In this regime, the Rabi
Hamiltonian reduces to a Jaynes-Cummings model,

jGi≃ jg; 0i; j�i≃ jg; 1i � je; 0iffiffiffi
2

p ; ð3Þ

leading to ℏωG ¼ 0 and ΓG→n
out ¼ Γoutδn;0, Γn→G

in ¼ Γinδn;0;
as the ground state jGi contains no photons, when we
extract the electron we cannot end in a state with a photonic
component and vice versa. A current can thus pass through
the structure for any μ ≥ 0, without any photonic emission,
through the path

js; 0i→Γin jGi→Γoutjs; 0i: ð4Þ
Only for μ ≥ ℏωG þ ℏω� can the electrons excite states
with a photonic component, corresponding to Γ0→�

in > 0,
then decaying to the ground state before being extracted.
This leads to the usual polaritonic electroluminescence at
energy ℏω�, through the processes

js; 0i →Γ
0→�
in j�i →

Γ�
cav

↓ℏω�
jGi→Γoutjs; 0i; ð5Þ

where we highlighted the transition (and its energy)
expected to emit light.
The situation radically changes when instead η≃ 1. In

this case, Eq. (3) is not valid anymore, and the ground state
has a non-negligible photonic component, hGja†ajGi ≠ 0
[1]. As jGi is now a linear superposition of states with one
electron and n photons, when the electron is extracted, it
has a finite probability to project the system in the state
js; ni, with no electrons and n photons (ΓG→n

out > 0), that
will eventually escape out of the cavity. This process is
what we term GSE: emission of photons when a current
passes through the ground state. The fundamental GSE
process, emitting at the cavity frequency ℏωC, has the form

FIG. 1. (a) Energy diagram for the uncoupled system (ΩR ¼ 0).
Photons can leave the cavity at a rate Γcav and electrons can
populate or leave the system at rates Γin=out. (b) Diagram levels for
the strongly coupled regime at resonance ωC ¼ ωe. (c) Schematic
showing standard electroluminescent emission. (d) Schematic
showing the dominant GSE process.
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js; 0i →Γ
0→G
in jGi →Γ

G→1
out js; 1i →

Γcav

↓ℏωC

js; 0i; ð6Þ

where, as in the standard electroluminescence in Eq. (5),
the emitted energy is the difference between the incoming
and outgoing electron energies. If the photonic lifetime is
longer than the electron injection and extraction times, GSE
photons can accumulate in the cavity, leading to the
occupation of higher-lying states of the Rabi
Hamiltonian and luminescence at the respective frequen-
cies. Under the assumption of large enough cavity losses,
we will limit ourselves to processes of first order in
Γin=out=Γcav,

js; 0i →Γ
0→G
in jGi →Γ

G→1
out js; 1i →Γ

1→�
in j�i →

Γ�
cav

↓ℏω�
jGi →Γ

G→0
out js; 0i; ð7Þ

that clearly emit at the polaritonic energies ℏω�. We
emphasize that the processes in Eqs. (6) and (7) do not
depend upon Γ0→�

in , and thus from Eq. (2) they can happen
for values of the applied bias μ < ℏωG þ ℏω−, such that
the standard electroluminescence in Eq. (5) is forbidden. In
particular, the process in Eq. (6) becomes allowed when
μ > ℏωG, while for Eq. (7) the processes emitting at ℏω−
(ℏωþ) become allowed for μ > ℏωG (μ > ℏωG þ ℏωþ−
ℏωC). A more in-depth discussion of the different emission
channels as a function of the chemical potential can be
found in the Supplemental Material [61]. The GSE emis-
sion rate can be calculated by writing a rate equation for the
populations Pj of the respective states jji. Limiting
ourselves to the first satellite peaks, and to the regime
μ < ℏωG þ ℏω−, in which no standard electrolumines-
cence is possible, we have

_Ps;0 ¼ −Ps;0Γs;0
in þ PGΓG→0

out þ P�Γ�→0
out þ Ps;1Γcav;

_Ps;1 ¼ −Ps;1ðΓcav þ Γs;1
in Þ þ PGΓG→1

out þ P�Γ�→1
out ;

_PG ¼ −PGΓG
out þ Ps;0Γ0→G

in þ Ps;1Γ1→G
in þ P�Γ�

cav;

_Pþ ¼ −PþðΓþ
cav þ Γþ

outÞ þ Ps;1Γ1→þ
in ;

_P− ¼ −P−ðΓ−
cav þ Γ−

outÞ þ Ps;1Γ1→−
in ; ð8Þ

where repeated � stands for sum over its repeated con-
stituents. In the steady state, this system can be solved for
the populations, and, consequently, the emission rates for
the fundamental GSE in Eq. (6), fC, and for the first
satellites in Eq. (7), f�, can be calculated as

fC ¼ Ps;1Γcav; fþ ¼ PþΓþ
cav; f− ¼ P−Γ−

cav: ð9Þ

Using the perturbative expansion of the coupled eigen-
states of the Rabi Hamiltonian jGi and j�i over the
uncoupled states jg; ni and je; ni, that can be found in
the Supplemental Material [61], and considering
Γin ¼ Γout ≡ Γ, we can obtain estimates for the radiation

intensity of the main GSE peak in Eq. (6) and for the
satellites from Eq. (7). To the lowest nontrivial order in η
and to the first order in Γ=Γcav, they read

fC ¼ η2Γ
8

�
1 −

Γ
Γcav

�
; f� ¼ η2Γ

16

Γ
Γcav

; ð10Þ

where, as expected, the emission at ℏω�, which relies
upon a photon buildup in the cavity as from Eq. (7), is
weighted down by a factor ðΓ=ΓcavÞ ≪ 1.
For comparison we also calculated, to the same order, the

standard electroluminescence intensity for the case
μ ≥ ℏωG þ ℏωþ, obtaining

f0C ¼ Γ
6

�
2Γ
Γcav

þ ξCη2
�
; f0� ¼ Γ

6

�
ξ�0 þ ξ�1

η

2
þ ξ�2

η2

12

�
;

ð11Þ

where ξC ¼ 1 − ð11=6ÞðΓ=ΓcavÞ, ξ�j ¼ 1 − 22jþ1ðΓ=ΓcavÞ,
and the details of the calculations can be found in the
Supplemental Material [61]. To the dominant order in both
variables we obtain, as expected, a term not dependent on η
emitting at ℏω�, that is the standard electroluminescence
described in Eq. (5). Note that also in this case we recover
higher-order processes allowed by the buildup of photonic
population in the cavity (and thus of higher order in
Γ=Γcav); in this case the first one emitting at ℏωC:

js; 0i →Γ
0→�
in j�i →Γ

�→1
out js; 1i →

Γcav

↓ℏωC

js; 0i: ð12Þ

In order to test such an intuitive understanding of GSE,
we studied the system numerically solving [66,67] the
master equation

_ρ ¼ −i½H; ρ� þ LinðρÞ þ LoutðρÞ þ LcavðρÞ; ð13Þ

where ρ is the density operator of the system with a
converged cutoff over the maximum number of photons
and the Lindblad operators Lin=out=cav are projected over the
dressed basis of the system [36,62,65]. Exploiting the
input-output formalism compatible with the dressed state
analysis developed in Ref. [64], we can write the extrac-
avity emission spectrum as

SðωÞ ¼ Γcav

2π

Z
∞

−∞
dτe−iωτhXþðτÞX−ð0Þi; ð14Þ

where X ¼ ðaþ a†Þ, X− ¼ P
j>ihijXjjijiihjj, and Xþ is its

Hermitian conjugate. In Fig. 2 we plot the emitted spectrum
from Eq. (14) for μ ¼ ℏωG (blue solid line) in which we
can clearly see the central GSE peak at ℏωC and the
satellites around ℏω� ≃ ℏωC �Ω. Figure 2 also shows
(yellow solid line) the spectrum for μ ¼ ℏωG þ ℏωþ. In
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this case, while the central peak remains substantially
unchanged, standard electroluminescence becomes domi-
nant over the satellite frequencies. There we plot, for
comparison, the blackbody emission from the cavity for
kBT ¼ 0.1ℏωC. In Fig. 3 we plot (solid lines) the integrated
emission of the central peak and of the two satellites,
respectively, for μ ¼ ℏωG [3(a)] and μ ¼ ℏωG þ ℏωþ
[3(b)], as a function of the perturbative parameter η. The
open dots in the same figures are obtained by the analytical
estimates from Eqs. (10) and (11), respectively. Their very
good quantitative agreement clearly demonstrates the
validity of our theoretical analysis. Schematics of the
involved processes are shown as insets. Those results
prove that GSE has various specific signatures that differ-
entiate it from standard electroluminescence, allowing for
direct experimental discrimination. Not only does GSE
become active for applied voltages at which standard
electroluminescence is forbidden, but its fundamental
emission is at the bare cavity energy ℏωC, with emission
at polaritonic energies ℏω� being of higher order in Γ=Γcav,
while the opposite is true for standard electroluminescence.
Finally, the intensity of the emission at ℏω� is, to the
leading order, independent of η in standard electrolumi-
nescence, while it is of order η2 in GSE. This difference in
dependence could be detected in systems in which the
coupling is tunable in situ [9,68].
Various developing technological platforms seem pos-

sible candidates to experimentally observe GSE, and some
of them, like hybrid QED [50,51,69–83] and circuit QED
[3,4,49,84–90], in which electronic transitions are coupled
to microwave superconducting resonators, seem close to
achieving all the needed requirements. In particular, a
double quantum dot coupled to a superconducting

resonator seems to us the system better described by the
simple model studied here, where jsi is the empty state, jgi
and jei are the hybridized states of a single excess electron
delocalized over the two dots, and where higher electron
number occupation states are prevented due to Coulomb
blockade. Remarkably, electroluminescence has already
been observed in those systems [50,51]. Given that the
ratio Γ=Γcav can be engineered in those systems, from
Eq. (10) we obtain a rough estimate of the photon
population, due to GSE, of P≃ 0.1η2. Considering a
conservative lower bound to the detectable photon pop-
ulation in microwave resonators of Pmin ¼ 10−3 [51],
η > 0.1 should thus suffice to observe GSE. This normal-
ized coupling has been achieved in circuit QED [3,4]. In
hybrid systems, experiments are moving toward higher
couplings and the appropriate regime may become acces-
sible in the near future.
In conclusion, we have highlighted a novel cavity QED

phenomenon, leading to the purely quantum emission of
photons out of the ground state when an electric current

FIG. 3. (a) Integrated emission spectrum SðωÞ (as in Fig. 2) for
the central peak and one of the satellite channels for μ ¼ ℏωG,
obtained by integrating the numerical spectrum (solid lines) and
from the analytical estimates in Eq. (10) (open dots). In the
inset we illustrate the GSE processes from Eqs. (6) and (7).
(b) Integrated emissions for μ ¼ ℏωG þ ℏωþ, obtained by
integrating the numerical spectrum (solid lines), and from the
analytical estimates in Eq. (11) (open dots). Inset: Electrolumi-
nescence from Eqs. (5) and (12).

FIG. 2. Emission spectrum SðωÞ for GSE alone (blue solid line,
μ ¼ ℏωG) and GSE plus standard electroluminescence (yellow
solid line, μ ¼ ℏωG þ ℏωþ). The peaks corresponding to the
processes emitting at the bare cavity frequency ℏωC and
at the polaritonic energies ℏω� are explicitly shown. The dashed
line represents the blackbody radiation spectrum for kBT∼
0.1ℏωC. Parameters are η ¼ 0.1, Γ¼Γin¼Γout¼0.5×10−6ωC,
Γcav ¼ 7 × 10−4ωC.
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passes through it. Such a novel form of quantum vacuum
emission could be observed in various near-future cavity
QED setups. As its characteristics critically depend upon the
nature of the coupled ground state, observation of GSE will
allow us to test our present understanding of light-matter
coupling and take us a step forward in the engineering of the
quantum vacuum in the ultrastrong coupling regime.

The authors thank L. Garziano, S. Savasta, R. Stassi, and
A.Stockklauser for useful and inspirational discussions. This
work is partially supported by theRIKEN iTHESProject, the
MURI Center for Dynamic Magneto-Optics via the AFOSR
Award No. FA9550-14-1-0040, the IMPACT program of
JST, and a Grant-in-Aid for Scientific Research (A). M. C. is
supported by the Canon Foundation in Europe and the
RIKEN iTHES program. N. L. is partially supported by
the FY2015 Incentive Research Project. S. D. L. is a Royal
Society Research Fellow. S. D. L. acknowledges support
from the Engineering and Physical Sciences Research
Council (EPSRC), Research Grant No. EP/L020335/1.

[1] C. Ciuti, G. Bastard, and I. Carusotto, Quantum vacuum
properties of the intersubband cavity polariton field, Phys.
Rev. B 72, 115303 (2005).

[2] S. De Liberato, Perspectives for gapped bilayer graphene
polaritonics, Phys. Rev. B 92, 125433 (2015).

[3] T. Niemczyk, F. Deppe, H. Huebl, E. P. Menzel, F. Hocke,
M. J. Schwarz, J. J. Garcia-Ripoll, D. Zueco, T. Hummer, E.
Solano, A. Marx, and R. Gross, Circuit quantum electro-
dynamics in the ultrastrong-coupling regime, Nat. Phys. 6,
772 (2010).

[4] A. Baust, E. Hoffmann, M. Haeberlein, M. J. Schwarz, P.
Eder, J. Goetz, F. Wulschner, E. Xie, L. Zhong, F.
Quijandria, D. Zueco, J.-J. Garcia Ripoll, L. Garcia-Alvarez,
G. Romero, E. Solano, K. G. Fedorov, E. P. Menzel, F.
Deppe, A. Marx, and R. Gross, Ultrastrong coupling in
two-resonator circuit QED, arXiv:1412.7372.

[5] V. M. Muravev, I. V. Andreev, I. V. Kukushkin, S. Schmult,
and W. Dietsche, Observation of hybrid plasmon-photon
modes in microwave transmission of coplanar microreso-
nators, Phys. Rev. B 83, 075309 (2011).

[6] A. A. Anappara, S. De Liberato, A. Tredicucci, C. Ciuti, G.
Biasiol, L. Sorba, and F. Beltram, Signatures of the ultra-
strong light-matter coupling regime, Phys. Rev. B 79,
201303 (2009).

[7] G. Scalari, C. Maissen, D. Turcinková, D. Hagenmüller, S.
De Liberato, C. Ciuti, D. Schuh, C. Reichl, W. Wegscheider,
M. Beck, and J. Faist, Ultrastrong coupling of the cyclotron
transition of a 2D electron gas in a THz metamaterial,
Science 335, 1323 (2012).

[8] M. Geiser, F. Castellano, G. Scalari, M. Beck, L. Nevou, and
J. Faist, Ultrastrong Coupling Regime and Plasmon Polar-
itons in Parabolic Semiconductor Quantum Wells, Phys.
Rev. Lett. 108, 106402 (2012).

[9] T. Schwartz, J. A. Hutchison, C. Genet, and T.W. Ebbesen,
Reversible Switching of Ultrastrong Light-Molecule Cou-
pling, Phys. Rev. Lett. 106, 196405 (2011).

[10] M. Porer, J.-M. Ménard, A. Leitenstorfer, R. Huber, R.
Degl’Innocenti, S. Zanotto, G. Biasiol, L. Sorba, and A.
Tredicucci, Nonadiabatic switching of a photonic band
structure: Ultrastrong light-matter coupling and slow-down
of light, Phys. Rev. B 85, 081302 (2012).

[11] B. Askenazi, A. Vasanelli, A. Delteil, Y. Todorov, L. C.
Andreani, G. Beaudoin, I. Sagnes, and C. Sirtori, Ultra-
strong lightmatter coupling for designer Reststrahlen band,
New J. Phys. 16, 043029 (2014).

[12] C. R. Gubbin, S. A. Maier, and S. Kéna-Cohen, Low-
voltage polariton electroluminescence from an ultrastrongly
coupled organic light-emitting diode, Appl. Phys. Lett. 104,
233302 (2014).

[13] S. Gambino, M. Mazzeo, A. Genco, O. Di Stefano, S.
Savasta, S. Patané, D. Ballarini, F. Mangione, G. Lerario, D.
Sanvitto, and G. Gigli, Exploring light-matter interaction
phenomena under ultrastrong coupling regime, ACS Pho-
tonics 1, 1042 (2014).

[14] C. Maissen, G. Scalari, F. Valmorra, M. Beck, J. Faist, S.
Cibella, R. Leoni, C. Reichl, C. Charpentier, and W.
Wegscheider, Ultrastrong coupling in the near field of
complementary split-ring resonators, Phys. Rev. B 90,
205309 (2014).

[15] X. Zhang, C.-L. Zou, L. Jiang, and H. X. Tang, Strongly
Coupled Magnons and Cavity Microwave Photons, Phys.
Rev. Lett. 113, 156401 (2014).

[16] M. Goryachev, W. G. Farr, D. L. Creedon, Y. Fan, M.
Kostylev, and M. E. Tobar, High-Cooperativity Cavity
QED with Magnons at Microwave Frequencies, Phys.
Rev. Applied 2, 054002 (2014).

[17] N. Lambert, C. Emary, and T. Brandes, Entanglement and
the Phase Transition in Single-Mode Superradiance, Phys.
Rev. Lett. 92, 073602 (2004).

[18] P. Nataf and C. Ciuti, No-go theorem for superradiant
quantum phase transitions in cavity QED and counter-
example in circuit QED, Nat. Commun. 1, 72 (2010).

[19] A. Baksic, P. Nataf, and C. Ciuti, Superradiant phase
transitions with three-level systems, Phys. Rev. A 87,
023813 (2013).

[20] J. Feist and F. J. Garcia-Vidal, Extraordinary Exciton
Conductance Induced by Strong Coupling, Phys. Rev. Lett.
114, 196402 (2015).

[21] E. Orgiu, J. George, J. A. Hutchison, E. Devaux, J.-F.
Dayen, B. Doudin, F. Stellacci, C. Genet, P. Samori,
and T. Ebbesen, Conductivity in organic semiconductors
hybridized with the vacuum field, Nat. Mater. 14, 1123
(2015).

[22] S. De Liberato, Light-Matter Decoupling in the Deep Strong
Coupling Regime: The Breakdown of the Purcell Effect,
Phys. Rev. Lett. 112, 016401 (2014).

[23] J. J. García-Ripoll, B. Peropadre, and S. De Liberato, Light-
matter decoupling and A2 term detection in superconducting
circuits, Sci. Rep. 5, 16055 (2015).

[24] M. Bamba and T. Ogawa, Laser under ultrastrong electro-
magnetic interaction with matter, arXiv:1410.3912.

[25] J. A. Hutchison, T. Schwartz, C. Genet, E. Devaux, and
T.W. Ebbesen, Modifying chemical landscapes by coupling
to vacuum fields, Angew. Chem. 124, 1624 (2012).

[26] J. A. Hutchison, A. Liscio, T. Schwartz, A. Canaguier-
Durand, C. Genet, V. Palermo, P. Samori, and T.W.

PRL 116, 113601 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

18 MARCH 2016

113601-5

http://dx.doi.org/10.1103/PhysRevB.72.115303
http://dx.doi.org/10.1103/PhysRevB.72.115303
http://dx.doi.org/10.1103/PhysRevB.92.125433
http://dx.doi.org/10.1038/nphys1730
http://dx.doi.org/10.1038/nphys1730
http://arXiv.org/abs/1412.7372
http://dx.doi.org/10.1103/PhysRevB.83.075309
http://dx.doi.org/10.1103/PhysRevB.79.201303
http://dx.doi.org/10.1103/PhysRevB.79.201303
http://dx.doi.org/10.1126/science.1216022
http://dx.doi.org/10.1103/PhysRevLett.108.106402
http://dx.doi.org/10.1103/PhysRevLett.108.106402
http://dx.doi.org/10.1103/PhysRevLett.106.196405
http://dx.doi.org/10.1103/PhysRevB.85.081302
http://dx.doi.org/10.1088/1367-2630/16/4/043029
http://dx.doi.org/10.1063/1.4871271
http://dx.doi.org/10.1063/1.4871271
http://dx.doi.org/10.1021/ph500266d
http://dx.doi.org/10.1021/ph500266d
http://dx.doi.org/10.1103/PhysRevB.90.205309
http://dx.doi.org/10.1103/PhysRevB.90.205309
http://dx.doi.org/10.1103/PhysRevLett.113.156401
http://dx.doi.org/10.1103/PhysRevLett.113.156401
http://dx.doi.org/10.1103/PhysRevApplied.2.054002
http://dx.doi.org/10.1103/PhysRevApplied.2.054002
http://dx.doi.org/10.1103/PhysRevLett.92.073602
http://dx.doi.org/10.1103/PhysRevLett.92.073602
http://dx.doi.org/10.1038/ncomms1069
http://dx.doi.org/10.1103/PhysRevA.87.023813
http://dx.doi.org/10.1103/PhysRevA.87.023813
http://dx.doi.org/10.1103/PhysRevLett.114.196402
http://dx.doi.org/10.1103/PhysRevLett.114.196402
http://dx.doi.org/10.1038/nmat4392
http://dx.doi.org/10.1038/nmat4392
http://dx.doi.org/10.1103/PhysRevLett.112.016401
http://dx.doi.org/10.1038/srep16055
http://arXiv.org/abs/1410.3912
http://dx.doi.org/10.1002/ange.201107033


Ebbesen, Tuning the work-function via strong coupling,
Adv. Mater. 25, 2481 (2013).

[27] J. Galego, F. J. Garcia-Vidal, and J. Feist, Cavity-Induced
Modifications of Molecular Structure in the Strong
Coupling Regime, Phys. Rev. X 5, 041022 (2015).

[28] J. A. Cwik, P. Kirton, S. De Liberato, and J. Keeling,
Excitonic spectral features in strongly coupled organic
polaritons, arXiv:1506.08974.

[29] R. Stassi, A. Ridolfo, O. Di Stefano, M. J. Hartmann, and S.
Savasta, Spontaneous Conversion from Virtual to Real
Photons in the Ultrastrong-Coupling Regime, Phys. Rev.
Lett. 110, 243601 (2013).

[30] L. Garziano, A. Ridolfo, R. Stassi, O. Di Stefano, and S.
Savasta, Switching on and off of ultrastrong light-matter
interaction: Photon statistics of quantum vacuum radiation,
Phys. Rev. A 88, 063829 (2013).

[31] L. Garziano, R. Stassi, A. Ridolfo, O. Di Stefano, and S.
Savasta, Vacuum-induced symmetry breaking in a super-
conducting quantum circuit, Phys. Rev. A 90, 043817
(2014).

[32] L. Garziano, R. Stassi, V. Macrì, A. F. Kockum, S. Savasta,
and F. Nori, Multiphoton quantum Rabi oscillations in
ultrastrong cavity QED, Phys. Rev. A 92, 063830 (2015).

[33] R. Stassi, S. Savasta, L. Garziano, B. Spagnolo, and F. Nori,
Output field-quadrature measurements and squeezing in
ultrastrong cavity-QED, arXiv:1509.09064.

[34] V. V. Dodonov and A. V. Dodonov, QED effects in a cavity
with a time-dependent thin semiconductor slab excited by
laser pulses, J. Phys. B 39, S749 (2006).

[35] S. De Liberato, C. Ciuti, and I. Carusotto, Quantum Vacuum
Radiation Spectra from a Semiconductor Microcavity with a
Time-Modulated Vacuum Rabi Frequency, Phys. Rev. Lett.
98, 103602 (2007).

[36] S. De Liberato, D. Gerace, I. Carusotto, and C. Ciuti,
Extracavity quantum vacuum radiation from a single qubit,
Phys. Rev. A 80, 053810 (2009).

[37] A. Agnesi, C. Braggio, G. Bressi, G. Carugno, F. Della
Valle, G. Galeazzi, G. Messineo, F. Pirzio, G. Reali, G.
Ruoso, D. Scarpa, and D. Zanello, MIR: An experiment for
the measurement of the dynamical Casimir effect, J. Phys.
Conf. Ser. 161, 012028 (2009).

[38] D. Faccio and I. Carusotto, Dynamical Casimir effect in
optically modulated cavities, Europhys. Lett. 96, 24006
(2011).

[39] I. Carusotto, S. De Liberato, D. Gerace, and C. Ciuti, Back-
reaction effects of quantum vacuum in cavity quantum
electrodynamics, Phys. Rev. A 85, 023805 (2012).

[40] A. Auer and G. Burkard, Entangled photons from the
polariton vacuum in a switchable optical cavity, Phys.
Rev. B 85, 235140 (2012).

[41] P. D. Nation, J. R. Johansson, M. P. Blencowe, and F. Nori,
Stimulating uncertainty: Amplifying the quantum vacuum
with superconducting circuits, Rev. Mod. Phys. 84, 1
(2012).

[42] A. Lambrecht, M.-T. Jaekel, and S. Reynaud, Motion
Induced Radiation from a Vibrating Cavity, Phys. Rev.
Lett. 77, 615 (1996).

[43] J. R. Johansson, G. Johansson, C. M. Wilson, and
F. Nori, Dynamical Casimir Effect in a Superconducting

Coplanar Waveguide, Phys. Rev. Lett. 103, 147003
(2009).

[44] J. R. Johansson, G. Johansson, C. M. Wilson, and F. Nori,
Dynamical Casimir effect in superconducting microwave
circuits, Phys. Rev. A 82, 052509 (2010).

[45] J. R. Johansson, G. Johansson, C. M. Wilson, P. Delsing,
and F. Nori, Nonclassical microwave radiation from the
dynamical Casimir effect, Phys. Rev. A 87, 043804 (2013).

[46] C. M. Wilson, G. Johansson, A. Pourkabirian, M. Simoen,
J. R. Johansson, T. Duty, F. Nori, and P. Delsing, Observa-
tion of the dynamical Casimir effect in a superconducting
circuit, Nature (London) 479, 376 (2011).

[47] R. Stassi, S. De Liberato, L. Garziano, B. Spagnolo, and S.
Savasta, Quantum control and long-range quantum corre-
lations in dynamical Casimir arrays, Phys. Rev. A 92,
013830 (2015).

[48] J. Lolli, A. Baksic, D. Nagy, V. E. Manucharyan, and C.
Ciuti, Ancillary Qubit Spectroscopy of Vacua in Cavity and
Circuit Quantum Electrodynamics, Phys. Rev. Lett. 114,
183601 (2015).

[49] O. Astafiev, K. Inomata, A. O. Niskanen, T. Yamamoto,
Yu. A. Pashkin, Y. Nakamura, and J. S. Tsai, Single artifi-
cial-atom lasing, Nature (London) 449, 588 (2007).

[50] Y.-Y. Liu, K. D. Petersson, J. Stehlik, J. M. Taylor, and J. R.
Petta, Photon Emission from a Cavity-Coupled Double
Quantum Dot, Phys. Rev. Lett. 113, 036801 (2014).

[51] A. Stockklauser, V. F. Maisi, J. Basset, K. Cujia, C. Reichl,
W. Wegscheider, T. Ihn, A. Wallraff, and K. Ensslin,
Microwave Emission from Hybridized States in a Semi-
conductor Charge Qubit, Phys. Rev. Lett. 115, 046802
(2015).

[52] A. A. Khalifa, A. P. Love, D. N. Krizhanovskii, M. S.
Skolnick, and J. S. Roberts, Electroluminescence emission
from polariton states in GaAs-based semiconductor micro-
cavities, Appl. Phys. Lett. 92, 061107 (2008).

[53] S. I. Tsintzos, N. T. Pelekanos, G. Konstantinidis, Z.
Hatzopoulos, and P. G. Savvidis, A GaAs polariton light-
emitting diode operating near room temperature, Nature
(London) 453, 372 (2008).

[54] L. Sapienza, A. Vasanelli, R. Colombelli, C. Ciuti, Y.
Chassagneux, C. Manquest, U. Gennser, and C. Sirtori,
Electrically Injected Cavity Polaritons, Phys. Rev. Lett. 100,
136806 (2008).

[55] G. H. Lodden and R. J. Holmes, Polarization splitting in
polariton electroluminescence from an organic semiconduc-
tor microcavity with metallic reflectors, Appl. Phys. Lett.
98, 233301 (2011).

[56] P. Jouy, A. Vasanelli, Y. Todorov, L. Sapienza, R.
Colombelli, U. Gennser, and C. Sirtori, Intersubband
electroluminescent devices operating in the strong-coupling
regime, Phys. Rev. B 82, 045322 (2010).

[57] M. Geiser, G. Scalari, F. Castellano, M. Beck, and J. Faist,
Room temperature terahertz polariton emitter, Appl. Phys.
Lett. 101, 141118 (2012).

[58] S. De Liberato and C. Ciuti, Quantum model of microcavity
intersubband electroluminescent devices, Phys. Rev. B 77,
155321 (2008).

[59] S. De Liberato and C. Ciuti, Quantum theory of electron
tunneling into intersubband cavity polariton states, Phys.
Rev. B 79, 075317 (2009).

PRL 116, 113601 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

18 MARCH 2016

113601-6

http://dx.doi.org/10.1002/adma.201203682
http://dx.doi.org/10.1103/PhysRevX.5.041022
http://arXiv.org/abs/1506.08974
http://dx.doi.org/10.1103/PhysRevLett.110.243601
http://dx.doi.org/10.1103/PhysRevLett.110.243601
http://dx.doi.org/10.1103/PhysRevA.88.063829
http://dx.doi.org/10.1103/PhysRevA.90.043817
http://dx.doi.org/10.1103/PhysRevA.90.043817
http://dx.doi.org/10.1103/PhysRevA.92.063830
http://arXiv.org/abs/1509.09064
http://dx.doi.org/10.1088/0953-4075/39/15/S20
http://dx.doi.org/10.1103/PhysRevLett.98.103602
http://dx.doi.org/10.1103/PhysRevLett.98.103602
http://dx.doi.org/10.1103/PhysRevA.80.053810
http://dx.doi.org/10.1088/1742-6596/161/1/012028
http://dx.doi.org/10.1088/1742-6596/161/1/012028
http://dx.doi.org/10.1209/0295-5075/96/24006
http://dx.doi.org/10.1209/0295-5075/96/24006
http://dx.doi.org/10.1103/PhysRevA.85.023805
http://dx.doi.org/10.1103/PhysRevB.85.235140
http://dx.doi.org/10.1103/PhysRevB.85.235140
http://dx.doi.org/10.1103/RevModPhys.84.1
http://dx.doi.org/10.1103/RevModPhys.84.1
http://dx.doi.org/10.1103/PhysRevLett.77.615
http://dx.doi.org/10.1103/PhysRevLett.77.615
http://dx.doi.org/10.1103/PhysRevLett.103.147003
http://dx.doi.org/10.1103/PhysRevLett.103.147003
http://dx.doi.org/10.1103/PhysRevA.82.052509
http://dx.doi.org/10.1103/PhysRevA.87.043804
http://dx.doi.org/10.1038/nature10561
http://dx.doi.org/10.1103/PhysRevA.92.013830
http://dx.doi.org/10.1103/PhysRevA.92.013830
http://dx.doi.org/10.1103/PhysRevLett.114.183601
http://dx.doi.org/10.1103/PhysRevLett.114.183601
http://dx.doi.org/10.1038/nature06141
http://dx.doi.org/10.1103/PhysRevLett.113.036801
http://dx.doi.org/10.1103/PhysRevLett.115.046802
http://dx.doi.org/10.1103/PhysRevLett.115.046802
http://dx.doi.org/10.1063/1.2844860
http://dx.doi.org/10.1038/nature06979
http://dx.doi.org/10.1038/nature06979
http://dx.doi.org/10.1103/PhysRevLett.100.136806
http://dx.doi.org/10.1103/PhysRevLett.100.136806
http://dx.doi.org/10.1063/1.3599058
http://dx.doi.org/10.1063/1.3599058
http://dx.doi.org/10.1103/PhysRevB.82.045322
http://dx.doi.org/10.1063/1.4757611
http://dx.doi.org/10.1063/1.4757611
http://dx.doi.org/10.1103/PhysRevB.77.155321
http://dx.doi.org/10.1103/PhysRevB.77.155321
http://dx.doi.org/10.1103/PhysRevB.79.075317
http://dx.doi.org/10.1103/PhysRevB.79.075317


[60] D. Braak, Integrability of the Rabi Model, Phys. Rev. Lett.
107, 100401 (2011).

[61] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.116.113601 for details
of the analytical derivations.

[62] F. Beaudoin, J. M. Gambetta, and A. Blais, Dissipation and
ultrastrong coupling in circuit QED, Phys. Rev. A 84,
043832 (2011).

[63] S. De Liberato, Comment on “System-environment cou-
pling derived by Maxwell’s boundary conditions from the
weak to the ultrastrong light-matter-coupling regime”, Phys.
Rev. A 89, 017801 (2014).

[64] A. Ridolfo, M. Leib, S. Savasta, and M. J. Hartmann,
Photon Blockade in the Ultrastrong Coupling Regime,
Phys. Rev. Lett. 109, 193602 (2012).

[65] H.-P. Breuer and F. Petruccione, The Theory of Open
Quantum Systems (Oxford University Press, Oxford,
England, 2002).

[66] J. R. Johansson, P. D. Nation, and F. Nori, QuTiP: An open-
source Python framework for the dynamics of open quan-
tum systems, Comput. Phys. Commun. 183, 1760 (2012).

[67] J. R. Johansson, P. D. Nation, and F. Nori, QuTiP 2: A
Python framework for the dynamics of open quantum
systems, Comput. Phys. Commun. 184, 1234 (2013).

[68] G. Günter, A. A. Anappara, J. Hees, G. Biasiol, L. Sorba, S.
De Liberato, C. Ciuti, A. Tredicucci, A. Leitenstorfer, and
R. Huber, Sub-cycle switch-on of ultrastrong light-matter
interaction, Nature (London) 458, 178 (2009).

[69] Z.-L. Xiang, S. Ashhab, J. Q. You, and F. Nori, Hybrid
quantum circuits: Superconducting circuits interacting with
other quantum systems, Rev. Mod. Phys. 85, 623 (2013).

[70] M. R. Delbecq, V. Schmitt, F. D. Parmentier, N. Roch, J. J.
Viennot, G. Fève, B. Huard, C. Mora, A. Cottet, and T.
Kontos, Coupling a Quantum Dot, Fermionic Leads, and a
Microwave Cavity on a Chip, Phys. Rev. Lett. 107, 256804
(2011).

[71] M. R. Delbecq, L. E. Bruhat, J. J. Viennot, S. Datta, A.
Cottet, and T. Kontos, Photon-mediated interaction between
distant quantum dot circuits, Nat. Commun. 4, 1400 (2013).

[72] T. Frey, P. J. Leek, M. Beck, A. Blais, T. Ihn, K. Ensslin, and
A. Wallraff, Dipole Coupling of a Double Quantum Dot to a
Microwave Resonator, Phys. Rev. Lett. 108, 046807 (2012).

[73] T. Frey, P. J. Leek, M. Beck, J. Faist, A. Wallraff, K. Ensslin,
T. Ihn, and M. Büttiker, Quantum dot admittance probed at
microwave frequencies with an on-chip resonator, Phys.
Rev. B 86, 115303 (2012).

[74] K. D. Petersson, L. W. McFaul, M. D. Schroer, M. Jung,
J. M. Taylor, A. A. Houck, and J. R. Petta, Circuit quantum
electrodynamics with a spin qubit, Nature (London) 490,
380 (2012).

[75] H. Toida, T. Nakajima, and S. Komiyama, Vacuum Rabi
Splitting in a Semiconductor Circuit QED System, Phys.
Rev. Lett. 110, 066802 (2013).

[76] A. Wallraff, A. Stockklauser, T. Ihn, J. R. Petta, and A.
Blais, Comment on “Vacuum Rabi Splitting in a Semi-
conductor Circuit QED System”, Phys. Rev. Lett. 111,
249701 (2013).

[77] J. J. Viennot, M. R. Delbecq, M. C. Dartiailh, A. Cottet, and
T. Kontos, Out-of-equilibrium charge dynamics in a hybrid
circuit quantum electrodynamics architecture, Phys. Rev. B
89, 165404 (2014).

[78] Y. Mu and C. M. Savage, One-atom lasers, Phys. Rev. A 46,
5944 (1992).

[79] J. McKeever, A. Boca, A. D. Boozer, J. R. Buck, and H. J.
Kimble, A one-atom laser in a regime of strong coupling,
Nature (London) 425, 268 (2003).

[80] Y.-Y. Liu, J. Stehlik, C. Eichler, M. J. Gullans, J. M. Taylor,
and J. R. Petta, Semiconductor double quantum dot micro-
maser, Science 347, 285 (2015).

[81] G.-W. Deng, D. Wei, S.-X. Li, J. R. Johansson, W.-C. Kong,
H.-O. Li, G. Cao, M. Xiao, G.-C. Guo, F. Nori, H.-W. Jiang,
and G.-P. Guo, Coupling two distant double quantum dots to
a microwave resonator, Nano Lett. 15, 6620 (2015).

[82] N. Lambert, C. Flindt, and F. Nori, Photon-mediated
electron transport in hybrid circuit-QED, Europhys. Lett.
103, 17005 (2013).

[83] N. Lambert, F. Nori, and C. Flindt, Bistable Photon
Emission from a Solid-State Single-Atom Laser, Phys.
Rev. Lett. 115, 216803 (2015).

[84] J. Q. You and F. Nori, Superconducting circuits and quan-
tum information, Phys. Today 58, 42 (2005).

[85] J. Q. You and F. Nori, Atomic physics and quantum optics
using superconducting circuits, Nature (London) 474, 589
(2011).

[86] S. Ashhab, J. R. Johansson, A. M. Zagoskin, and F. Nori,
Single-artificial-atom lasing using a voltage-biased super-
conducting charge qubit, New J. Phys. 11, 023030 (2009).

[87] M. Devoret, S. Girvin, and R. Schoelkopf, Circuit-QED:
How strong can the coupling between a Josephson junction
atom and a transmission line resonator be?, Ann. Phys.
(Berlin) 16, 767 (2007).

[88] D. A. Rodrigues, J. Imbers, and A. D. Armour, Quantum
Dynamics of a Resonator Driven by a Superconducting
Single-Electron Transistor: A Solid-State Analogue of the
Micromaser, Phys. Rev. Lett. 98, 067204 (2007).

[89] J. Hauss, A. Fedorov, C. Hutter, A. Shnirman, and G. Schön,
Single-Qubit Lasing and Cooling at the Rabi Frequency,
Phys. Rev. Lett. 100, 037003 (2008).

[90] J. Q. You, Y. X. Liu, C. P. Sun, and F. Nori, Persistent single-
photon production by tunable on-chip micromaser with a
superconducting quantum circuit, Phys. Rev. B 75, 104516
(2007).

PRL 116, 113601 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

18 MARCH 2016

113601-7

http://dx.doi.org/10.1103/PhysRevLett.107.100401
http://dx.doi.org/10.1103/PhysRevLett.107.100401
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.113601
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.113601
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.113601
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.113601
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.113601
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.113601
http://link.aps.org/supplemental/10.1103/PhysRevLett.116.113601
http://dx.doi.org/10.1103/PhysRevA.84.043832
http://dx.doi.org/10.1103/PhysRevA.84.043832
http://dx.doi.org/10.1103/PhysRevA.89.017801
http://dx.doi.org/10.1103/PhysRevA.89.017801
http://dx.doi.org/10.1103/PhysRevLett.109.193602
http://dx.doi.org/10.1016/j.cpc.2012.02.021
http://dx.doi.org/10.1016/j.cpc.2012.11.019
http://dx.doi.org/10.1038/nature07838
http://dx.doi.org/10.1103/RevModPhys.85.623
http://dx.doi.org/10.1103/PhysRevLett.107.256804
http://dx.doi.org/10.1103/PhysRevLett.107.256804
http://dx.doi.org/10.1038/ncomms2407
http://dx.doi.org/10.1103/PhysRevLett.108.046807
http://dx.doi.org/10.1103/PhysRevB.86.115303
http://dx.doi.org/10.1103/PhysRevB.86.115303
http://dx.doi.org/10.1038/nature11559
http://dx.doi.org/10.1038/nature11559
http://dx.doi.org/10.1103/PhysRevLett.110.066802
http://dx.doi.org/10.1103/PhysRevLett.110.066802
http://dx.doi.org/10.1103/PhysRevLett.111.249701
http://dx.doi.org/10.1103/PhysRevLett.111.249701
http://dx.doi.org/10.1103/PhysRevB.89.165404
http://dx.doi.org/10.1103/PhysRevB.89.165404
http://dx.doi.org/10.1103/PhysRevA.46.5944
http://dx.doi.org/10.1103/PhysRevA.46.5944
http://dx.doi.org/10.1038/nature01974
http://dx.doi.org/10.1126/science.aaa2501
http://dx.doi.org/10.1021/acs.nanolett.5b02400
http://dx.doi.org/10.1209/0295-5075/103/17005
http://dx.doi.org/10.1209/0295-5075/103/17005
http://dx.doi.org/10.1103/PhysRevLett.115.216803
http://dx.doi.org/10.1103/PhysRevLett.115.216803
http://dx.doi.org/10.1063/1.2155757
http://dx.doi.org/10.1038/nature10122
http://dx.doi.org/10.1038/nature10122
http://dx.doi.org/10.1088/1367-2630/11/2/023030
http://dx.doi.org/10.1002/andp.200710261
http://dx.doi.org/10.1002/andp.200710261
http://dx.doi.org/10.1103/PhysRevLett.98.067204
http://dx.doi.org/10.1103/PhysRevLett.100.037003
http://dx.doi.org/10.1103/PhysRevB.75.104516
http://dx.doi.org/10.1103/PhysRevB.75.104516

